Stable isotope analyses in archeology and paleontology have been frequently used to explore the diet of past human populations. Nitrogen stable isotope (δ^15^N) analysis of bone or dentin collagen is an established method for the trophic level assessment ([@r1], [@r2]). However, these analyses are confronted with the limitations that arise from the degree of protein preservation ([@r3]). Trophic level assessment of ancient mammals and hominins older than ∼100 kyr are, due to the lack of collagen preservation, currently out of reach. This timeframe is even shorter (∼15 kyr) in arid and wet tropical settings that nonetheless often represent key regions in human evolution, such as Africa ([@r4], [@r5]) and Asia ([@r6], [@r7]). However, beyond the classical collagen-bound nitrogen isotopes, trophic level reconstructions from enamel with different isotope systems have become feasible ([@r8][@r9][@r10]--[@r11]) and were recently applied to fossil and archeological specimens ([@r9], [@r12][@r13][@r14]--[@r15]). Using multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) allows for the measurement of "nontraditional" stable isotopes from various elements (calcium, magnesium, zinc \[Zn\], and strontium \[Sr\]). Among these, Zn isotope ratios (^66^Zn/^64^Zn, expressed as δ^66^Zn value) constitute a promising dietary indicator ([@r11], [@r14], [@r16][@r17]--[@r18]). Indeed, Zn is incorporated as trace element in the enamel bioapatite and, thus, has a better long-term preservation potential compared to collagen-bound nitrogen, showing promise for dietary reconstructions in archeology and paleontology ([@r19]). It was not until 2012 that Van Heghe et al. ([@r20]) began investigating the causes of the variability of δ^66^Zn values in a pilot study. Since then, work on mammals from modern food webs, first in Africa ([@r16], [@r17]) and then in the Canadian Arctic ([@r18]), have established the relationship between δ^66^Zn of bioapatite and diet.

As currently understood, two factors influence the variability of δ^66^Zn values in a food web: the initial Zn isotope composition from the source of intake and biological Zn isotope fractionation occurring within the organism itself. In plants, the initial bioavailable Zn isotope composition is derived from the soil, which is in turn controlled by the nature of the underlying bedrock. Igneous rocks exhibit relatively similar δ^66^Zn values (+0.3 ± 0.14‰ \[2σ\]) ([@r21], [@r22]). Sedimentary rocks show much more variable δ^66^Zn values ([@r21][@r22]--[@r23]), with the highest values found in marine carbonates (+0.3 to +1.4‰) ([@r24], [@r25]). An initial biological fractionation in plants then occurs between the roots and the soil, which favors the absorption of heavy Zn isotopes relative to the litter layer in which they grow ([@r26][@r27][@r28]--[@r29]). An active uptake of heavy Zn isotopes then enhances the intraplant mobility of light Zn isotopes to the most aerial parts of the plants ([@r26][@r27]--[@r28]), leading to a general trend of progressively lower δ^66^Zn values from root to leaves, i.e., within different parts of a single plant, but also leading to variable δ^66^Zn values between different plant species ([@r26][@r27]--[@r28]). In animals, the body tissues' δ^66^Zn values also depend on the Zn isotopic composition of the foods consumed. Different plants and parts of plants consumed will thus induce varying δ^66^Zn values in herbivores. Similarly, the δ^66^Zn values of body tissues in carnivores depend on the prey and parts of the prey consumed, with muscles usually exhibiting low δ^66^Zn values compared to the average Zn isotopic composition of the body ([@r11], [@r16], [@r17], [@r30]). Since plants usually have the most elevated δ^66^Zn values ([@r11], [@r17]) and muscles low values ([@r11], [@r16], [@r17], [@r30]), the resulting δ^66^Zn values of a trophic chain follow an opposite trend as to the classic trophic level tracer δ^15^N~collagen~ values, that increase about 3--4‰ per trophic level ([@r2]). The higher the trophic level of an animal is, the lower the δ^66^Zn values of its body tissues are ([@r11], [@r14], [@r16][@r17]--[@r18], [@r30]).

However, while enamel has been shown to be less prone to alteration than bone and dentin ([@r31][@r32][@r33][@r34][@r35]--[@r36]), it is nevertheless not immune from diagenetic processes ([@r34][@r35][@r36][@r37][@r38][@r39]--[@r40]). One key predicament to investigating paleoecology through the analysis of trace elements (such as Zn) is thus the absence of diagenetic alteration. Additionally, generalized diagenetic effects on Zn from enamel still remain mostly uncertain, as they seem to vary considerably from site to site ([@r40][@r41]--[@r42]). Therefore, careful investigations of potential postmortem alteration on trace elements in fossil teeth is crucial for each taphonomic setting to separate genuine ecological information from diagenetic alteration such as trace element incorporation, leaching, or replacement ([@r40], [@r42], [@r43]).

Tam Hay Marklot (THM) cave (filling of the cave, and its associated fauna, dated to 38.4--13.5 ka by U-Th analysis on teeth, [*SI Appendix*, *Supporting Information 1.3*, Tables S8--S13, and Figs. S43--S46](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)), in the northeastern part of Laos, Hua Pan Province, is situated in a subtropical latitudinal setting where preservation of organic material (i.e., collagen) is generally poor ([@r44]). This cave offers ideal conditions to rigorously assess the preservation potential of diet-related Zn isotopic composition in fossils, when compared to organic matter-bound dietary proxies such as N isotopes. Indeed, the complex and diverse sedimentary processes encountered in mainland Southeast Asia often lead to atypical preservation of the vertebrate assemblages, almost always originating from karst breccias ([@r45][@r46]--[@r47]). Subject to a highly variable climate- and water-dependent environment, these karst systems produce fossil assemblages that are often characteristic of long transportation processes through subterraneous cave networks, often with multiple reworking episodes ([@r45][@r46]--[@r47]). Furthermore, the surroundings of THM cave offer, at present-day and presumably also in the past, two types of photosynthetic pathways used by local plants, C~3~ and C~4~, thus allowing an additional and already well-established dietary tracer (δ^13^C) of the same specimens to be compared with the δ^66^Zn results. A detailed description of the regional geology and sedimentary deposits are presented in [*SI Appendix*, *Supporting Information 1.1*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).

Here, a multiisotope investigation was carried out on tooth enamel (δ^66^Zn, ^87^Sr/^86^Sr, δ^13^C, δ^18^O) and dentin collagen (δ^15^N), if still preserved, from the Late Pleistocene (38.4--13.5 ka) fossiliferous assemblage newly recovered in the THM cave in 2015. The preservation of diet-related Zn isotopic composition in fossil enamel was systematically investigated to assess the potential application of Zn isotope analysis for dietary reconstruction in deep time. In order to cover a broad range of distinct trophic levels and dietary habits, tooth enamel from 72 specimens belonging to 22 mammalian taxa was analyzed ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). A variety of small-, medium- and large-sized species were selected, covering a wide range of feeding categories including carnivores, omnivores, and herbivores (where a species' specific trophic ecology was assigned based on analogous modern-day fauna's dietary behaviors; [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Enamel from each specimen was sampled for δ^66^Zn, ^87^Sr/^86^Sr, δ^13^C, and δ^18^O isotope analyses (\>5 mg per sample for Zn analysis; see [*SI Appendix*, *Supporting Information 3.1*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Because kinetic and equilibrium biological fractionations of ^87^Sr/^86^Sr are negligible ([@r48][@r49][@r50]--[@r51]) and overwritten during normalization for instrumental mass bias ([@r48]), radiogenic ^87^Sr/^86^Sr ratios in animal bones and teeth reflect those of local bioavailable Sr sources ([@r9], [@r48], [@r52], [@r53]). Differences in ^87^Sr/^86^Sr would thus imply provenance from a distinct locality with a different geological bedrock type. The granitic bedrock found at THM locality is likely to exhibit higher ^87^Sr/^86^Sr associated with concomitant lower δ^66^Zn values, while the limestone bedrock would show the opposite trend. This could thus explain some of the variability observed in enamel δ^66^Zn values among the fossil teeth. The carbon isotopic composition (δ^13^C) of foods are incorporated into the tissues (i.e., bone and enamel) of the animals that eat them ([@r54], [@r55]). In terrestrial animals, the carbon of food webs is derived from plants that undergo either C~3~ or C~4~ photosynthesis ([@r56]), providing a complementary dietary tracer to δ^66^Zn values. While an array of complex variables are likely to induce variations in the oxygen isotopic composition (δ^18^O) of tooth enamel in homeothermic vertebrates ([@r57][@r58]--[@r59]), the present study seeks to explore possible relation between δ^18^O values and Zn isotopic composition, mostly relative to diet and physiology. A subsample of 23 specimens was also analyzed for dentin collagen δ^13^C and δ^15^N values in order to assess the preservation of organic material. When collagen preservation was sufficient ([*SI Appendix*, *Supporting Information 3.5*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)), the δ^15^N values (*n* = 4) were compared with δ^66^Zn of the same specimen since the collagen-bound δ^15^N values reflect the amount of animal protein in the diet and can thus be used to assess trophic level ([@r2]). The impact of postmortem taphonomic alteration processes was assessed in situ with spatially resolved element concentration profiles on six fossil mammalian teeth as well as three modern ones for comparison, with distinct feeding behaviors (carnivorous, omnivorous, and herbivorous), digestive physiologies (foregut, hindgut, and carnivore) and phylogenetic histories (Artiodactyla, Perissodactyla, Carnivora, Rodentia, and Primates). Finally, in order to enhance the interpretative framework of Zn isotopic composition, we explored the relation between individual factors (diet, ^87^Sr/^86^Sr, δ^13^C~apatite~, δ^18^O~apatite~, zinc concentration, and body mass) with δ^66^Zn values, by fitting a linear mixed model (LMMs; ref. [@r60]) with a Gaussian error structure and identity link ([@r61]). A detailed description of the variation of the different stable isotope systems and the methods used in this study are presented in [*SI Appendix*, *Supporting Informations 2* and *3*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).

Results {#s1}
=======

Measured δ^66^Zn, ^87^Sr/^86^Sr, δ^13^C, δ^18^O, and δ^15^N values for all specimens and reference materials are summarized in [*SI Appendix*, *Supporting Information 4*, Tables S3--S5, and Figs. S8--S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).

The total range of tooth enamel δ^66^Zn values from THM cave is 1.07‰, ranging from −0.04‰ to +1.03‰ ([Fig. 1](#fig01){ref-type="fig"}). Herbivores exhibit the highest δ^66^Zn values (δ^66^Zn = +0.68 ± 0.38‰ \[2σ\], *n* = 41), carnivores the lowest (δ^66^Zn = 0.09 ± 0.24‰ \[2σ\], *n* = 9) and the δ^66^Zn values of omnivores fall in between (δ^66^Zn = +0.41 ± 0.38‰ \[2σ\], *n* = 22) ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Omnivorous taxa, on average, show the highest variability in the intrataxon ranges of their δ^66^Zn values (average δ^66^Zn range = 0.30 ± 0.34‰ \[2σ\]), compared to herbivores (average δ^66^Zn range = 0.28 ± 0.24‰ \[2σ\]) and carnivores (average δ^66^Zn range = 0.15 ± 0.10‰ \[2σ\]).

![(*A*) Range of δ^66^Zn values (relative to the JMC-Lyon Zn isotope standard; ref. [@r74]) in tooth enamel for carnivores (red), omnivores (black), and herbivores (green) of the THM cave assemblage. The boxes from the box and whisker plots represent the 25th--75th percentiles, with the median as a bold horizontal line. (*B*) Distribution of enamel δ^66^Zn versus δ^13^C~apatite~ values of the THM cave assemblage ([*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)), where "C~3~ environment" and "C~4~ environment" are, respectively, defined by δ^13^C~apatite~ \< −8‰ and \> −2‰. Dashed lines represent the full range of variation and full lines represent 40% predictive ellipses (using R statistical software and package "SIBER"; refs. [@r72] and [@r75]).](pnas.1911744117fig01){#fig01}

Sixty-nine of 72 specimens were analyzed for ^87^Sr/^86^Sr. Enamel ^87^Sr/^86^Sr display a broad range, from 0.7097 to 0.7243 (Δ = 0.0146); however, the majority of specimens clusters between 0.7135 and 0.7173 (52%, *n* = 36; [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)).

Enamel δ^13^C values range from −16.70‰ to 2.40‰ (*n* = 72), covering the full spectrum of values typical for pure subcanopy to open woodland C~3~ and C~4~ plant feeders ([Fig. 1*B*](#fig01){ref-type="fig"} and [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Fossil enamel from THM cave indicates that a predominant C~3~ environment existed in the cave surroundings but with a definite C~4~ grass component ([@r56]). The enamel δ^18^O values range from −5.85‰ to 0.2‰.

Collagen preservation of the teeth was poor, as only 4 (*Muntiacus* sp., *Bos* sp., *Sus* sp., and *Rhinoceros sondaicus*) of the 23 dentin samples yielded any collagen and even these fell below the 1% limit (∼0.46 ± 0.48% \[2σ\]; modern bones = ∼22%; ref. [@r3]). Nonetheless, collagen extracts have C:N ratios characteristic of well-preserved collagen (3.26 ± 0.08 \[2σ\]) ([@r3]) ([*SI Appendix*, Table S4 and Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). The δ^15^N~collagen~ values associated with these specimens range from +3.15‰ to +10.56‰ and the δ^13^C~collagen~ values from −24.0‰ to −9.1‰. The higher δ^15^N~collagen~ values are in agreement with associated lower δ^66^Zn values, for taxa assigned an omnivorous diet (*Sus* sp. and *Muntiacus* sp.), and conversely the lower δ^15^N~collagen~ values with higher δ^66^Zn values, representative of an herbivorous diet (*Bos* sp. and *Rhinoceros sondaicus*). The δ^13^C~collagen~ and δ^13^C~apatite~ values are also consistent for each specimen ([*SI Appendix*, Tables S3 and S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)).

Zinc concentration distribution was investigated in 15 cross-sections from 6 fossil mammal teeth and compared to that of 10 cross sections from 3 modern specimens, to assess the impact of postmortem taphonomic processes on the enamel. Additionally, Fe, Mn, Al, Mg, and rare earth elements (REE, calculated as the sum of all measured REE concentrations), which are sensitive to diagenetic alteration, provided complementary tracers to discern the degree of diagenetic alteration of the enamel. Concentrations and distribution profiles of these elements were similar to those of modern teeth and were observed almost systematically across modern and fossil enamel samples, suggesting a lack of any significant diagenetic alteration (uptake or leaching) of trace elements in the latter. Similarly, an absence of relationship between δ^66^Zn values and average enamel concentration in various other trace elements, with potentially different susceptibilities for alteration ([@r43]), can be observed ([*SI Appendix*, Figs. S35--S39](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). In contrast, the dentin and pulp cavity of the fossil teeth had higher concentrations of these elements indicating diagenetic alteration ([Fig. 2](#fig02){ref-type="fig"}). On 15 fossil tooth cross-sections, a total of 23 enamel segments were analyzed. Of these, only one enamel cross-section segment showed Zn concentration distribution that did not follow the characteristic pattern observed for modern enamel (*n* = 10) of higher concentration in the outermost layer that decreases toward a constant level inwards ([*SI Appendix*, Fig. S30](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)) ([@r19], [@r62][@r63]--[@r64]). While the distribution of this one segment may indicate some postmortem alteration, none of the other three enamel cross-section segments analyzed from that same specimen (*Panthera pardus*, 34505) displayed an atypical pattern. The absence of any significant postmortem Zn uptake is nonetheless further corroborated by the absence of a mixing line between Zn concentration and δ^66^Zn values ([*SI Appendix*, Fig. S32](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Altogether, a good preservation of the enamel seems to prevail in the fossil specimens, suggesting no alteration of original Zn contents and, hence, preservation of pristine biogenic δ^66^Zn values. Complete sets of spatial element concentration profiles are provided in [*SI Appendix*, Figs. S12--S29](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).

![Spatial element concentration profiles of Zn, Fe, Mn, Al, Mg, and REE in caprine teeth for a fossil (*Capricornis* sp., *Left*) and a modern (*H. jemlahicus*, *Right*) specimen. The Fe, Mn, Al, and REE (calculated as the sum of all measured REE concentrations) were selected as tracers for diagenetic alteration because of their relative abundance in soil matter, as well as their tendency to be enriched postmortem in fossil bioapatite. Thus, they most likely trace postmortem taphonomic alterations and element uptake from soil pore water. Note that in both photomicrographs the tracks of laser ablation line scans are visible.](pnas.1911744117fig02){#fig02}

Overall, the full-null LMM comparison was clearly significant (likelihood ratio test: *X*^*2*^ = 21.29, df = 2, *P* \< 0.001) and allowed to assess which of the tested predictors were associated with variations in δ^66^Zn values. The δ^13^C and δ^18^O values, as well as the zinc concentration of each sample, appeared to have no significant relation with the variability of the δ^66^Zn values response (δ^13^C~apatite~ values likelihood ratio test: *X*^*2*^ = 0.230, df = 1, *P* = 0.632; δ^18^O~apatite~ values likelihood ratio test: *X*^*2*^ = 0.135, df = 1, *P* = 0.713). Diet had a significant relation with δ^66^Zn values whereby omnivores and herbivores had clearly elevated values as compared to carnivores (LMM diet *P* \< 0.05; [*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Finally, ^87^Sr/^86^Sr and body mass both displayed a significant relation with the variability of the δ^66^Zn values (^87^Sr/^86^Sr likelihood ratio test: *X*^*2*^ = 12.101, df = 1, *P* = 0.001; body mass likelihood ratio test: *X*^*2*^ = 9.892, df = 1, *P* = 0.002). While (G)LMMs do not allow to get an estimated effect size for individual predictors, the effect size for the entirety of the fixed effects ("marginal R^2^") is 0.63 and the one for the entirety of the fixed and random effects ("conditional R^2^") is 0.85 ([@r65]).

Discussion {#s2}
==========

Preservation of Diet-Related Zn Isotope Compositions in Fossil Teeth. {#s3}
---------------------------------------------------------------------

The ordering of fossil taxa from THM cave according to their enamel δ^66^Zn values (δ^66^Zn~carnivores~ \< δ^66^Zn~omnivores~ \< δ^66^Zn~herbivores~) reflects trophic level differences that are in good agreement with their expected dietary habits ([Fig. 1](#fig01){ref-type="fig"}), as well as δ^66^Zn values observed for modern mammals from similar feeding categories ([@r14], [@r16][@r17]--[@r18]). This strongly suggests that the enamel of the 38.4--13.5 thousand-year-old fossil teeth from THM cave retained their original, diet-related Zn isotopic composition expected for each feeding category and, hence, was not altered by taphonomic processes. This is further supported by spatial distribution profiles of Zn across the fossil enamel with higher concentrations in the outermost enamel layer decreasing toward a constant level inwards, which is a characteristic pattern for modern teeth ([Fig. 2](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S18--S20 and S27--S30](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)) ([@r19], [@r62][@r63]--[@r64]). The higher concentration in Zn in the first few tenths of microns of the outermost enamel layer is believed to be a biochemical signal that could be associated with the termination of the enamel maturation ([@r63]). While this pattern is systematically observed for all teeth (i.e., both fossil and modern ones), thus supporting the preservation of pristine biogenic Zn concentrations (and thus δ^66^Zn signatures), it also poses a challenge for distinguishing between original biogenic signature and postmortem diagenetic uptake. However, this layer of higher Zn concentration is systematically only \<200 μm thick ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Figs. S12--S29](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)) ([@r19], [@r62][@r63]--[@r64]) and, thus, lends further support to the preservation of a biogenic pattern. Furthermore, this outer Zn-rich layer is routinely removed mechanically during the enamel cleaning process for stable isotope analysis.

Due to the tropical setting of THM cave, collagen preservation is limited, as reflected by low collagen extraction success rate (i.e., *n* = 4) and low collagen yield (\<1%). Nevertheless, the few δ^15^N~collagen~ values that were obtained follow the expected trend in δ^66^Zn values, where relatively high δ^15^N~collagen~ values are associated with relatively low δ^66^Zn values ([@r18]) ([*SI Appendix*, Fig. S31](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Finally, the low in vivo-like Mn, Fe, Al, Mg, and bulk REE contents, typical for enamel of modern mammal teeth ([Fig. 2](#fig02){ref-type="fig"}), demonstrate the lack of any significant diagenetic uptake of trace elements from the soil environment rich in these elements. Although postmortem taphonomic processes can vary significantly from one location to another due to site formations processes, age, environmental conditions, and soil composition ([@r35], [@r66], [@r67]), multiple lines of evidence presented in this study support the effective preservation of diet-related Zn isotopic composition in enamel of the investigated fossil teeth despite the adverse tropical setting of THM cave. This is encouraging for future applications of Zn isotopes in enamel of fossil teeth for dietary reconstructions.

Variation in Zn Isotopic Compositions in Tooth Enamel. {#s4}
------------------------------------------------------

The overall mean value and range of δ^66^Zn values for each diet category, as well as the intraspecific δ^66^Zn variability of each taxon ([*SI Appendix*, *Supporting Information 4.1*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)), are in agreement with their dietary habits and display nearly no overlap between carnivores and herbivores. Additionally, the LMM further confirmed that δ^66^Zn values differ between each of the three dietary categories. Carnivores exhibit the lowest δ^66^Zn values, in agreement with a strict carnivorous diet, and the smallest range of variation. In contrast, herbivores have significantly higher δ^66^Zn values than carnivores and many omnivores ([Fig. 1](#fig01){ref-type="fig"}). Herbivores also have a broad range of δ^66^Zn values being consistent with the consumption of a variety of different plants, plant parts, and their specific digestive strategies (foregut and hindgut fermentation). Omnivores display mostly intermediate δ^66^Zn values but occasionally exhibit values characteristic of carnivorous taxa or strictly herbivorous taxa ([Fig. 1](#fig01){ref-type="fig"}). Thus, omnivores exhibit the largest range of δ^66^Zn values covering all three dietary categories, most likely resulting from a varying proportion of meat (but also of plant and animal matter from vertebrates and invertebrates) in their diet. While not enough data are yet available to draw any definitive conclusions, it is likely that the lower end of their δ^66^Zn range reflect diets that are mostly composed of animal matter, whereas the upper range would be predominantly, if not entirely, comprised of plants. A single herbivore specimen (*Muntiacus* sp.) falls within the range of carnivores. However, this taxon is known at times to exhibit omnivorous dietary habits, feeding on bird's eggs and small animals ([@r68], [@r69]). Furthermore, its associated high δ^15^N value attests to a diet that is, at the very least, not strictly limited to plant matter. Finally, both its δ^66^Zn and δ^15^N values are similar to that of a *Sus* sp., further supporting an omnivorous diet for this *Muntiacus* specimen.

Overall, the range of δ^66^Zn values for THM is smaller (1.07‰) than seen in a modern terrestrial food web of the Koobi Fora region of Turkana Basin in Kenya (1.24‰) ([@r17]), and the absolute δ^66^Zn values of the whole food web are also lower. This is likely the result of different faunal assemblages and environments between the two localities: THM cave was situated in a mostly forested setting, whereas Koobi Fora is mainly an open grassland landscape. Because trees are likely to exhibit lower δ^66^Zn values in their leaves compared to low growing herbaceous vegetation ([@r26][@r27]--[@r28]), this could explain why herbivores, and consequently carnivores, have lower enamel δ^66^Zn values at THM cave. The Zn isotopic composition of the local geology, seen as having a significant relation with δ^66^Zn values of THM cave, could also in part explain differences observed between these sites. The trophic spacing observed between mammalian carnivore-herbivore is also larger at THM (+0.60‰) than at Koobi Fora (+0.40‰). This is likely the result of the faunal assemblage from Koobi Fora, as it contains less species and specimens (*n* = 10 and *n* = 26, respectively), carnivores that do not prey on most or any of the herbivores listed, and hyenas' higher δ^66^Zn values probably caused by bone consumption ([@r17]). As opposed to the Koobi Fora region, no clear distinction in δ^66^Zn values can be drawn between grazers and browsers at THM. However, two groups can be discerned in the δ^66^Zn values of browsers (established by δ^13^C~apatite~ \< −8‰ characteristic for C~3~ plant feeders), one with low (+0.52 ± 0.20‰ \[2σ\], *n* = 14) and the other with high (+0.90 ± 0.20‰ \[2σ\], *n* = 9) δ^66^Zn values ([Fig. 1](#fig01){ref-type="fig"}). In the upper range of the sampled browsers' δ^66^Zn values ([Fig. 1](#fig01){ref-type="fig"}), a mixture of both foregut and hindgut fermenters as well as large and intermediate body-sized taxa are present. Consequently, we conclude that digestive physiology and body mass can be ruled out as factors explaining this variability. Maternal effects linked to breastfeeding or in utero tooth formation were also ruled out as causes to intragroup δ^66^Zn values variability, as the formation and emergence sequence of the sampled teeth (i.e., only teeth of adult individuals formed postweaning; [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)) goes against such interpretation. Therefore, the most likely explanation would be diet, most probably linked to the vertical layering of the vegetation in a given habitat. Because of progressively lower δ^66^Zn values observed within plants from root to leaves, browsing in lower vegetation layers on herbaceous understory plants should lead to higher, grazer-like δ^66^Zn values, while browsing in upper vegetation layers like the canopy should lead to lower δ^66^Zn values. This might be the reason for similar δ^66^Zn values between some browsers (e.g., *Rhinoceros sondaicus* and *Bos* sp.) and grazers (e.g., *Rucervus eldii* and *Axis* cf. *porcinus*, with δ^13^C~apatite~ \> −2‰ characteristic for C~4~ plant feeders) ([Fig. 1](#fig01){ref-type="fig"}).

Finally, the estimates obtained for ^87^Sr/^86^Sr and body mass from the LMM were in agreement with their respective expectation toward δ^66^Zn values in a food web ([*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Based on the Sr and Zn isotope composition of crustal rocks ([@r21][@r22][@r23][@r24]--[@r25], [@r70]), an increase in ^87^Sr/^86^Sr ratios associated with a decrease in δ^66^Zn values was expected ([*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)): Granitic bedrock usually exhibits higher ^87^Sr/^86^Sr associated with concomitant lower δ^66^Zn values while limestone bedrock show the opposite trend, both present at THM locality. Likewise, a positive relationship between δ^13^C and body mass due to ^13^C enrichment with increasing body mass was reported elsewhere ([@r71]) and seems to also apply for δ^66^Zn values ([*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). Conversely, no significant relation could be drawn between δ^13^C and δ^18^O values and δ^66^Zn values relative to diet and physiology. The LMM thus allowed us to successfully identify which of the tested predictors showed a significant relation with δ^66^Zn values, otherwise not always identified as such ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)). However, their respective impact on δ^66^Zn values cannot be estimated, although it seems likely that its effect is limited since dietary habits are preserved. Further work (e.g., controlled feeding experiments) will be necessary to ascertain and quantify the impact of these factors on δ^66^Zn values in a broader and more general context, especially compared to diet.

Conclusion {#s5}
==========

In this study, the first Zn isotope dataset of fossil tooth enamel, from a Late Pleistocene Southeast Asian faunal assemblage (∼38.4--13.5 ka) from the THM cave in northeastern Laos, Hua Pan Province, is presented. We show multiple lines of evidence that support the lack of significant postmortem diagenetic trace element uptake from the soil environment into the enamel of fossil teeth. Enamel profiles along tooth cross sections do not display any identifiable postmortem alteration of biogenic Zn concentration gradients or diet-related δ^66^Zn by postmortem processes. The classic trophic-level tracer δ^15^N~collagen~ (only obtained for four samples) displayed an expected inverse trophic relation with δ^66^Zn of the same teeth, further supporting the preservation of original δ^66^Zn values. The Late Pleistocene mammal teeth from THM thus retained pristine, diet-related δ^66^Zn values in their tooth enamel that are in good agreement with expected dietary habits of the concerned taxa. For this fossil food web, a trophic level spacing of −0.60‰ between herbivores and carnivores was found, while omnivores had intermediate δ^66^Zn values being 0.30‰ lower or higher to herbivores and carnivores, respectively. Thus, carnivores have the lowest, omnivores intermediate, and herbivores the highest δ^66^Zn values. Contrary to what was previously observed in an African grassland environment regarding the distinction of browsers and grazers ([@r17]), no obvious relation was found between δ^13^C and δ^66^Zn values. However, both the local geology and the body mass showed a significant relation with consumer's δ^66^Zn values, as expected. Further studies from other sites and from controlled feeding experiments will be necessary to ascertain the factors at play and their impact on the variability of δ^66^Zn values in consumer (hard) tissues. While a systematic, site-specific assessment of the extent of diagenetic alterations of biogenic compositions in fossils is required, the results obtained from THM cave show promise for a high preservation potential of δ^66^Zn values in fossil enamel. Applying δ^66^Zn as dietary tracer could thus open new research avenues in paleontology and archeology, providing us with a powerful and much-needed isotopic trophic tracer for prehistoric and geological time periods (\>100 kyr) or settings that lack collagen preservation, given pristine δ^66^Zn values are preserved.

Methods {#s6}
=======

Sample Collection. {#s7}
------------------

The material used in this study consists of a selection of diverse taxa from the THM assemblage, covering a large range of distinct dietary habits. Within each taxon, the same teeth on the dental row (e.g., left p2), or different teeth but with various wear stages (e.g., left and right p2), were selected to ensure they belonged to different individuals. A total of 72 teeth, belonging to 22 distinct species and/or genera, were selected for the present isotopic analysis. One to six specimens per species were used ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental)).

Stable Isotope Analysis. {#s8}
------------------------

Zn and Sr isotopic ratios from teeth enamel were measured on a Thermo Scientific Neptune MC-ICP-MS and C and N isotopic ratios from teeth dentin were conducted using a Thermo Finnigan Flash EA coupled to a Delta V isotope ratio mass spectrometer, at the Max Planck Institute for Evolutionary Anthropology in Leipzig, and following the protocols in [*SI Appendix*, *Supporting Informations 3.2, 3.3,* and *3.5*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental). Stable C and O isotopic composition of every sample were analyzed using a Thermo Delta V Advantage isotopic mass spectrometer coupled to a Thermo Kiel IV Carbonate Device chemical preparer, at the "Service de Spectrométrie de Masse Isotopique du Muséum" in Paris, using the protocol described in [*SI Appendix*, *Supporting Information 3.4*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).

Spatial Element Concentration Profiles Analytical Technique. {#s9}
------------------------------------------------------------

Spatial element concentration profiles were conducted on six fossil teeth (*Capricornis* sp., *Ursus thibetanus*, *P. pardus*, *Sus* sp. *Bubalus bubalis*, and *Macaca* sp.) and three modern teeth (*Bison bison*, *Hemitragus jemlahicus*, and *Pteronura brasiliensis*) of various feeding behaviors (carnivorous, omnivorous, and herbivorous), digestive physiologies (foregut, hindgut, and carnivore) and mammalian order (Artiodactyla, Perissodactyla, Carnivora, Rodentia, and Primates). The measurement routines were performed with a Thermo Scientific Element 2 single collector sector-field ICP-MS coupled with a New Wave UP213 Nd:YAG laser ablation system, at the Max Planck Institute for Chemistry (Mainz), as described in [*SI Appendix*, *Supporting Information 3.6*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).

Statistical Analysis. {#s10}
---------------------

All statistical analyses were performed using the statistical program R (version 3.6.1) ([@r72]). To test our hypotheses of predictors associated with variability in δ^66^Zn values, we fitted a LMM ([@r60]) with a Gaussian error structure and identity link ([@r61]) using the R-package "lme4" (version 1.1--17) ([@r73]). The full method is reported in [*SI Appendix*, *Supporting Information 3.7*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).

A complete description of the material and methods used in this study is presented in [*SI Appendix*, *Supporting Information 3*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental). All data discussed in the paper is available to readers in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911744117/-/DCSupplemental).
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